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Stepwise binding of biotin to streptavidin via several intermediates was monitored with 
electrospray ionization mass spectrometrp (ESIMS). Protein ligand interactions that result in 
conformational changes could be recognized with ESIMS by a mass shift and a change of the 
average multiple charge state of this protein. In addition, mass spectrometry for the ions in 
the gas phase revealed a much greater strength of the noncovalent bonds between the 
streptavidin subunits in the tetrameric complex than between the streptavidin and biotin 
molecules and remarkable differences in stability for the different charge states of the 
biotinpstreptavidin noncovalent complex. (J Am Sot Moss Spectrorrl 1995, 6, 912-919) 
C hanges of protein conformation during interac- tion with specific ligands 111 are of great impor- tance to understand function. Investigations can 
be carried out with x-ray crystallography or nuclear 
magnetic resonance (NMR). Especially x-ray crystal- 
lography can provide detailed structural information 
even on large protein complexes such as yeast hexoki- 
nase [2]. Such information cannot be obtained with 
NMR because of the size of these proteins. 
Recently the unfolding and folding processes of 
myoglobin were demonstrated with electrospray ion- 
ization mass spectrometry (ESIMS) [3, -I]. The unfold- 
ing of myoglobin induced bv acidification was shown 
to result in a dramatic shift of the distribution pattern 
of multiply charged myoglobin terms. Native mvo- 
globin carries an average of 9 protons per molecule, 
whereas an average of approximately 15~20 protons is 
attached to unfolded myoglobin. This chdnge reflects 
the size of the protein surface and does not necessarily 
depend on the number of basic sites of the protein 
surface. This particular example showed that the num- 
ber of basic sites on the protein surface was always 
much greater than the number of protons [a]. 
The adaptation of ESIMS for aqueous solutions [5] 
enabled the investigation of noncovalent protein lig- 
and or protein substrate complexes [3, 6, 71. The detec- 
tion of protein subunit complexes also recently was 
described for different proteins [s-19], and the possi- 
bilities and limitations for the observation of noncova- 
lent interactions with ESIMS were addressed [20]. It 
was stated that the observation of noncovalent com- 
plexes did not necessarily imply the specificity of this 
interaction. One important criterion for specific interac- 
tions can be the exclusive presence of the complex in 
the electrospray ionization (ESI) mass spectrum. 
More recently, noncovalent complexes of proteins 
that include the avidin tetramer were investigated 
with a low frequency extended mass range quadrupole 
electrospray mass spectrometer [12]. It was demon- 
strated by average mass shift that four molecules of 
biotin were bound to avidin [21]. In addition, the most 
prominent charged state of + 16 (Q16) for tetrameric 
avidin was change to + 15 (Q15) for tetrameric avidin 
after binding four biotin molecules. This difference 
was dssumed to reflect the different constraints in the 
noncovalent complex. Unfortunately, due to the low 
instrumental resolution of this particular type of 
quadrupole mass spectrometer, no identification of 
different biotinylation states was possible. An analysis 
of the differently biotinylated tetrameric streptavidin 
noncovalent complex can be of great importance for 
observation of the equilibrium at different ligand con- 
centrations with an excess of streptavidin. 
We report here for the first time sector field mass 
spectrometric results that indicate the progress of the 
binding process during stepwise ligand addition by 
the separation and identification of partially biotinyl- 
ated streptavidin tetrameric complexes, which repre- 
sent the reaction intermediates of the biotin saturation 
process. In addition, the dissociation of the noncova- 
lent complex into smaller components in the interface 
by collisional-activated decompositions (CAD) pro- 
vides some insight into the relative gas-phase stability 
of the different noncovalent bonds in the complex. 
Investigation of conformational changes generally 
may be used to study ligand binding to proteins with 
ESIMS. Due to the induced fit, a specific noncovalent 
l&and protein interaction should induce a significant 
change in the conformational constraints of the protein, 
which is expected to be accompanied by a change of 
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the average number of charges observed in the ES1 
mass spectrum. This effect already was reported for 
biotin binding to avidin [21] and also appears to take 
place with biotin binding to streptavidin, as described 
in subsequent text. This method is currently being 
developed in this laboratory to analyze the activation 
or modulation of receptors controlled by binding of 
specific ligands. 
Streptavidin produced by Stwptonlyces auidinii was 
chosen because it is not glycosylated. Thus, the possi- 
bilities for microheterogeneity are reduced and highly 
resolved signals are provided in ESIMS. The binding 
properties of avidin and streptavidin toward biotin are 
known to be equivalent [22], but usually avidin is used 
because of its much lower price [23]. 
Experimental 
Mass spectra were recorded on a Fisons (Manchester, 
UK) VG AutoSpec-T tandem mass spectrometer 
equipped with an array detector and an electrospray 
interface. This interface (Figure 1) contained a spray 
chamber with a pepperpot counter electrode, a stain- 
less steel spray needle for better stability (especially 
when spraying from water solutions), and a hexapole 
for higher ion transmission through the interface. The 
instrument control and data evaluation were per- 
formed with the OPUS V3.1 data system running on a 
DEC Station 3000/300 LX (Digital Equipment Corp., 
Maynard, CA). 
Samples were applied to tht) electrospray interface 
with a loop injection system. The mobile phase was 
delivered via an infusion syringe pump (Model 22, 
Harvard Apparatus, South Natick, MA) with a flow 
rate of 5 pL/min. Samples were injected into a 20-,uL 
stainless steel loop of a Rheodyne (Cotati, CA) 8125 
injector. The injector was connected with the spray 
needle through a l-m fused silica capillary of 50.pm 
inside diameter. The spray chamber was heated con- 
stantly to 80 “C when methanol-containing solutions 
Counter electrode 
and spray chamber 
20-8O”C, -6 kV 
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were being sprayed and was not heated for the investi- 
gation of streptavidin biotin binding in IO-mM ammo- 
nium acetate. The spray was stabilized with a coaxial 
nitrogen stream of 14 L/h for methanol-containing 
solutions and an oxygen stream of 14 L/h for solutions 
free of methanol. Desolvation was supported by nitro- 
gen flow (300 L/h) through the spray chamber. The 
interface voltages were as follows (Figure 1): needle 
voltage, 8000 V; counterelectrode, 5000 V; sampling 
cone voltage, between 4020 and 4150 V as indicated in 
the figures; acceleration voltage or skimmer voltage, 
4000 V; ring electrode, 40 V below skimmer voltage. 
For calibration a saturated aqueous Csl solution 
diluted 1:50 with a mixture of 49.5% water, 49.5% 
methanol, and 1% acetic acid was employed. Spectra 
were recorded from m/z 8000~500 or m/z 6000&1000 
by exponential down scans with a scan speed of 5 s per 
decade. The instrument was set to 1000 mass resolu- 
tion ! IO? valley definition). Streptavidin (Boehringer 
Mannheim, Mannheim, Germany) was dissolved at a 
concentration of 10 pg/pL in water. The D-biotin 
binding capacity was given as > 14-pg D-biotin per 
milligram of streptavidin. This leads to a molarity of 
greater than 141) PM for the streptavidin tetramer. 
D-biotin (Boehringer Mannheim) was dissolved to a 
final concentration of 0.25 (1 mM) and 0.05 /*g/pL 
(200 PM) in IO-mM ammonium acetate (pH 8). For 
ESIMS the streptavidin stock solution was diluted 1:lO 
in lo-mM ammonium acetate (pH 8) to a final concen- 
tration of 1 pg/pL. Appropriate amounts of the biotin 
stock solutions were added for the binding experi- 
ments. The final solutions were freshly prepared shortly 
before the measurements. No changes were observed 
after a few hours incubation at room temperature. 
Results and Discussion 
Determination of the streptavidin molecular mass re- 
sulted in a 3.5-ku difference compared with the calcu- 
lation from the database sequence. Earlier observations 
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indicated that streptavidin also may be produced in 
smaller sizes as a result of enzymatic degradation 
during fermentation [22]. In fact, the streptavidin used 
here (Boehringer Mannheim) represents the so-called 
core streptavidin cleaved at the C-terminal side of Ala 
(13) and Ser (1361. Its molecular mass was measured to 
be 12,970.Y (calculated 12,971.l). The sequence was 
validated by Edman degradation of the 20 N-terminal 
amino acid residues. These data are in agreement with 
earlier findings 1241. 
On the basis of experience obtained with ESIMS on 
noncovalent complexes [20] the conditions of the elec- 
trospray interface were optimized. It was decided to 
minimize excitation of the molecules during electro- 
spray and transport through the interface. This objec- 
tive was achieved with an electrospray at room tem- 
perature and a relatively low sampling cone voltage 
offset of 40 V. Under these conditions negligible 
amounts (< 1%) of streptavidin trimer and monomer 
were observed (Figure 2a), and three weak and broad 
peaks that represent the streptavidin octamer were 
detected between nr/: 4300 and 4800. Increase of the 
cone voltage offset to 90 V changed the spectrum 
significantly (Figure 2b1. As expected the streptavidin 
tetramer started to dissociate to a significant extent 
mainly into the trimer and the monomer species as 
described earlier for avidin [21]. The formation of the 
smaller streptavidin oligomers with increasing sam- 
416 
015 
104 Q17 
pling cone voltage was in agreement with the expecta- 
tion that streptavidin is exclusively present as the 
tetramer in solution. In addition, the more efficient 
declustering provided higher resolution of the te- 
tramer ions, but as we subsequently show, even under 
conditions without tetramer dissociation separation of 
the different biotinylation products was achieved. 
Biotin Binding Experiments 
The binding experiments were carried out with a 
streptavidin concentration of 1 pg/pL. Theoretically, 
56676-PM biotin is needed for saturation of the te- 
trameric streptavidin with biotin. This range is calcu- 
lated from the minimum biotin binding capacity of 
streptavidin given by the supplier (see also Experi- 
mental) and the weight of the protein. Experimentally, 
saturation was observed between 60 and 80 PM (Fig- 
ure 3). Above 80 PM, no significant changes in the 
mass spectral patterns could be detected. The spec- 
trum of 40-PM biotin (Figure 3c) showed slightly more 
than 50% saturation of streptavidin with biotin. These 
experimental results matched the previously men- 
tioned theoretical range for the binding capacity of 
streptavidin. Even under conditions of biotin satura- 
tion, loss of biotin from the + 15 charged (Q15) strep- 
tavidin tetramer was observed, whereas the loss of 
biotin from + 16 charged (Q16) was negligible (Figure 
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Figure 2. I’artlal ES1 mass spectra of I-~ccg/wL streptavidin in IO-mM ammonium acetate buffer, 
pH 8, recorded at cone voltage offsets r>f (a) JO \I and (b) 90 V. The insets show the expanded mass 
region of the tetmmer. Labels: M, mononwr; T, trimer: Q, tetramcr; the number gives the number of 
pl-otorr~ 
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Figure 3. Partial ES1 mass spectra ot I-pg/pL streptavidin in 
lo-mM ammonium acetate buffer, pH 8, with different concew 
trations of biotin recorded at a cone voltage offset of 40 V: (a) No 
biotin; (b) 20-/.~M biotin; Cc) 40.PM blotm; (d) 60.PM biotin: (e) 
SO-PM biotin. Labels: Q, tetramer; thr number gives the number 
of protons; SA, streptavidin; 46, four molecules biotin. 
3e). As a result of these observations it was decided to 
use peak areas instead of peak heights as a measure of 
the abundance for the different charge states of 
nonbiotinylated and biotinylated tetrameric strepta- 
vidin. 
The charge state pattern of fully biotinylated strep- 
tavidin was found to be significantly different from 
nonbiotinylated streptavidin (Figure 3) as described 
earlier for avidin [21]. In view of the above-mentioned 
decompositions of the streptavidin biotin noncovalent 
complex, application of relati\,ely mild declustering 
conditions was necessary. In addition, for a clearer 
representation of the change in the charge state pat- 
tern, the signals for Q15 and Q16 with and without 
biotin were integrated (Figure 4). These data demon- 
strated the conformational change induced by specific 
biotin binding. 
The experimentally determined mass values for the 
q SA 0 SA + 4B 
Q16 Ql5 
Charge state 
Figure 4. Bar graph representation of the intensity change of 
Q15 and Q16 from Figure 3a and e. The sum of the Q15 and Q16 
intensities of SA and SA + 48 is normalized to 100%. The bars 
represent the areas of the signals. 
streptavidin tetramer and the four biotinylation prod- 
ucts obtained with 40- and 60-PM biotin are listed in 
Table 1. The molecular masses for the partially sepa- 
rated tetrameric streptavidin that carries zero to three 
molecules of biotin did not deviate significantly from 
their theoretical mass values. There was only a minor 
shift to higher mass values, which may be caused by 
the partial overlaps of the different species. 
The shift in the molecular mass of the fully biotiny- 
lated tetrameric streptavidin noncovalent complex 
must be due to unresolved clustering with solvent 
molecules as indicated by the increased peak width. 
This effect was validated from the mass measurement 
of the tetrameric streptavidin molecular mass without 
biotin addition [calculated M, = 51,884; measured M, 
= 51,890 + 8 (n = 11); deviation + 120 ppm]. These 
measurements provided strong evidence that the ob- 
served signals were due to stepwise biotinylation of 
streptavidin. Nevertheless, it became obvious that a 
reduced declustering efficiency needed for the obser- 
vation of undamaged protein ligand complexes caused 
some increased mass measurement errors. 
Biofin Effects on Sfvepfauidin 
The biotin binding to avidin and its effect on the 
average charge state in the ES1 mass spectrum already 
have been reported [21]. These experiments were lim- 
ited by the low instrumental resolution of the low 
frequency extended mass range quadrupole mass spec- 
trometer employed. With a sector field mass spectrom- 
eter and selection of nonglycosylated streptavidin it 
was possible to identify different biotinylation prod- 
ucts and separate them from the tetrameric streptav- 
idin noncovalent complex. In addition to the expected 
shift in the average charge state of the streptavidin 
tetramer, some other important characteristics of this 
binding process were observed. When streptavidin is 
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Table 1. Mass mra~urements ot the strepta\idin tetramrr and different numbers 
of attached brotin molecules 
Adduct Mass measured Deviation Mass talc. 
Streptavidin without biotrn 51,901 * 7(n=7) t330 ppm 51,884 
Streptavrdrn plus one biotin 52,144 k 8(n=7) f310 porn 52,128 
Streptavrdrn plus two biotin 52,384 + 6 (n = 8) $210 ppm 52.373 
Streptavrdrn plus three biotrn 52,630 i 12 (n = 8) +250 porn 52,617 
Streptavidin plus four brotrn 52,933 + 17 fn = 8) +780 ppm 52,861 
present in excess, the differently biotinvlated com- 
plexes that exhibit different intensities (Figure 3b-d) 
may represent the intermediates produced during the 
saturation process of streptavidin with biotin. Espe- 
cially at half saturation with biotin (Figure 3c), it 
appears that the fully biotinylated streptavidin is not 
favored over other partially biotinylated tetrameric 
streptavidm complexes. On this basis it is probable 
that biotin binding did not follow cooperative effects. 
The biotinylation-induced shift in the charge state 
pattern of streptavidin also was influenced by the cone 
voltage offset when peak heights were taken as a 
measure. In this case the charge state pattern of the 
differently charged species could be distorted by the 
different degree of fragmentation for the different 
charge states as previously described. These observa- 
tions demonstrated that interpretation of the shift in 
the charge state pattern as a result of a conformational 
change must be validated carefully. It can therefore be 
of great importance to determine possible decomposi- 
tions by a separation of the complex and the interme- 
diates. 
Dissociation o,f the NO~C~SI~~EII t Complexes 
Declustering of electrosprayed ions was facilitated by 
low energy CAD in the sampling cone-skimmer re- 
gion. The efficiency of this process depended on the 
sampling cone voltage offset as shown for the strep- 
tavidin tetrameric complex (Figure 2a and b). In addi- 
tion, the high mass tailing, which indicates the degree 
of clustering with solvent molecules, was reduced at 
the same sampling cone voltage offset for Q16 in 
comparison to Q15 (Figure 3a). This difference was 
explained by the higher translational energy of the Q16 
tetrameric complex compared to the equivalent Q15 
species. The opposite behavior was observed for the 
loss of biotin from tetrameric streptavidin. Further- 
more, the charge state dependence for biotin loss from 
tetrameric streptavidin also was observed at higher 
sampling cone voltage offsets (Figure 5b). Of the dif- 
ferent charge states, the lower charge state lost biotin 
more easily compared with the higher charge state. 
With a sampling cone voltage offset of 30 V, no signif- 
icant biotin loss from biotinylated Q16 was found. 
However, such loss was observed for biotinylated Q15, 
and a reduction of the cone voltage offset to 20 V was 
necessary to prevent dissociations of biotinylated Q15 
(data not shown). In the case of a collision energy 
effect, the higher charge state should dissociate more 
readily than the lower charge state. This is indeed not 
the case, and therefore it was assumed that the stabil- 
ity of the biotin streptavidin noncovalent complex was 
altered by the different number of protons. Charge 
stripping reactions, which also could be responsible for 
the above-mentioned effect, are unlikely to occur to a 
significant extent under conditions without streptav- 
idin subunit dissociation and only minor losses of 
biotin. These data strongly suggest large differences in 
the gas phase stability of the biotin streptavidin nonco- 
x:alent complex at different charge states. The “hydro- 
phobic box” of the biotin binding site in streptavidin 
[25] is not likely to be affected by charges on the 
noncovalent complex, but the five hydrogen bridges 
between biotin and the tetrameric streptavidin nonco- 
valent complex [25] may be influenced by the different 
charge states of the desolvated noncovalent complex in 
the gas phase. 
As mentioned in the foregoing text, an increase of 
the sampling cone voltage induced dissociations of 
the streptavidin tetrameric complex. Interestingly, no 
bintinylated monomer, dimer, or trimer form of strep- 
tavidin could be detected upon cone voltage fragmen- 
tation [26] of the tetrameric streptavidin biotin nonco- 
\ralent complex (Figure 5). Because each streptavidin 
subunit carries a binding site for biotin [25], dissocia- 
tion to biotinylated streptavidin oligomers could occur 
without prior biotin dissociation. From the observation 
that biotinylated oligomers did not appear, it was 
concluded that in the gas phase the dissociation of the 
tetrameric subunit complex required significantly 
higher activation energy than the dissociation of the 
subunit ligand complex. 
The nonbiotinylated tetrameric streptavidin was 
produced preferentially upon CAD rather than the 
partially biotinylated species when the collision energy 
was raised by an increased sampling cone voltage or 
an increased charge (Figure 5b). This effect became 
more pronounced at higher sampling cone voltages 
(data not shown). These data already pointed to the 
significant difference between activation energies for 
the dissociation of complexes that consist of streptav- 
idin and biotin and of streptavidin alone. 
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Figure 5. Partial ES1 mass spectra of l-cl-g/&L streptavidin in 10.mM ammonium acetate buffer, 
pH 8, with 80.PM biotin recorded at cone voltage offsets of (a) 10 V and (b) 90 V. The insets show 
the expanded mas5 region of the tetramer. Labels: M, monomer; T, trimer; Q, tetramer; the number 
gives the number of protons; SA, streptavidin; 48, four molecules biotm. 
Influence of the ki, Value 
For the ligand binding properties the k, value is 
probably of great importance. A k, value much 
smaller than the protein concentration enables binding 
at a concentration level of the ligand in the range of 
the protein concentration. In the case of a k, value 
above the protein concentration one would need li- 
gand concentrations significantly above the protein 
concentration for complete binding. Therefore, the re- 
sults of the binding studies are directly associated with 
the dimension of the k, value. Evaluation of equilib- 
rium data can be used in principle for determination of 
k, values, but in most cases biochemical kinetic proce- 
dures may provide more information. 
Conformational changes induced by glucose were 
expected on the basis of earlier enzymological experi- 
ments [l, 2, 27, 281. We found significant effects of 
glucose to hexokinase under similar electrospray con- 
ditions (Eckart, K.; Spiess, J., manuscript in prepara- 
tion). These results clearly showed that the relatively 
small affinity (k, = 10 m-I M) of glucose to yeast hexo- 
kinase is not too small for the survival of the enzyme 
substrate complex in the electrospray process. There- 
fore, this approach may be used further for the charac- 
terization of a variety of specific- protein ligand noncct 
valent interactions. 
General Considerations 
With respect to different electrospray interface designs 
it should be mentioned again that the observed disso- 
ciation effects were due to sampling cone-skimmer 
CAD and not due to the design of the ion transport 
system into the mass spectrometer. Therefore, such 
investigations should be possible with interfaces that 
permit unheated electrospraying. As to the type of 
mass spectrometer, there is no limitation in principle 
for other types of mass analyzers such as quadrupole 
or time-of-flight (TOF) devices. The quadrupole instru- 
ments in contrast to the sector mass spectrometers may 
be less suited for these investigations because they are 
limited either in mass range or resolution, but the 
advantage of such instruments is the significantly im- 
proved transmission of the interface because of the 
lower vacuum requirements. The development of an 
orthogonal ESI-TOF mass spectrometer appears to be a 
powerful instrument for such investigations because it 
combines to a certain extent the resolution capabilities 
and the transmission of a sector mass spectrometer 
with an unlimited mass range and provides detection 
of all ions in a time array [9, 291. 
Some other aspects of this technique should be 
discussed also. Application of ESIMS is limited by the 
buffering system, which must contain volatile compo- 
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nents at a concentration I 100 mM. In the 100-mM 
concentration range the conductivity of the ammonium 
acetate buffer reaches a level where changes in the 
mass spectral pattern were observed that were in- 
duced by the voltage applied to the spray needle. In 
addition to ammonium acetate we found that ammo- 
nium carbonate, ammonium bicarbonate, and triethyl 
ammonium acetate are compatible with the employed 
electrospray system. Different buffering systems cre- 
ated by combinations of acetic acid or formic acid as 
the acid component and different amines such as am- 
monium hydroxide or mono-, di-, or triethyl amines as 
the base components may be used for similar investi- 
gations. Replacement of ammonium acetate can be- 
come important when working with ammonium sensi- 
tive enzymes. In general, the sampling cone voltage 
offset turned out to be critical in the characterization of 
noncovalent protein ligand complexes and had to be 
optimized carefully. The temperature in the spray 
chamber should be kept as low as possible. 
The advantage of mass spectrometry compared with 
NMR and x-ray crystallography is the relatively high 
sensitivity and the short time needed for the measure- 
ments. Therefore, ESIMS can be advantageous when 
the amount of protein for NMR analysis or for crystal- 
lization needed for x-ray crystallography is not avail- 
able [2]. An interesting approach with ESIMS utilizes 
the direct analysis of hydrogen/deuterium (H/D) ex- 
change rates for conformational analyses in proteins 
up to 20 ku [30&33]. This technique was applied suc- 
cessfully to analyze the interaction between a 1-ku 
ligand and a 12-ku protein [34]. For larger proteins, 
digestion into small peptides is required for this type 
of analysis [35]. ESIMS analysis of H/D exchange rates 
may be especially useful for the investigation of pro- 
teins and ligands of similar size. In such cases, it 
would be difficult to discriminate between different 
charge state patterns with regular ESIMS. However, 
analysis of the H/D exchange rates by ESIMS depends 
on a high mass resolution and therefore cannot be 
applied to ligand protein systems as described here. 
Conclusions 
ESTMS proved to be a powerful method for the investi- 
gation of noncovalent protein complex ligand interac- 
tions. The observed significant change in the charge 
state pattern of the tetrameric streptavidin noncovalent 
complex was attributed to biotin binding induced con- 
formational change in streptavidin. The different bi- 
otinylation states of streptavidin could be separated 
and analyzed with ESIMS. The separation of these 
different states provided insight into the biotin binding 
properties of streptavidin. No preference for incom- 
plete biotinylation was observed. A larger degree of 
collisional-activated decompositions in the decluster- 
ing region provided information on the relative 
strength of the noncovalent interactions in such a com- 
plex. Further attempts will be made to investigate 
J Am Sot Mass Spectrom 1995, 6,912-919 
specific ligand binding to enzymes or receptors with 
ESIMS. 
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